Myoblasts respond to growth factor deprivation either by diffentiation into multinucleated myotubes or by undergoing apoptosis. The induction of apoptosis and differentiation in myogenic lineage may use overlapping cellular mechanisms. Here we demonstrate that the expression of the small heat shock protein a aB-crystallin as well as MyoD and myogenin is induced during myogenic differentiation in C2C12 cells, and these inductions occur at an early stage in the differentiation in vitro. To investigate the effect of a aB-crystallin on myogenic differentiation and apoptosis, C2C12 cells were infected with adenovirus vector bearing full-length a aB-crystallin cDNA. Overexpression of a aB-crystallin in C2C12 cells suppressed differentiation-induced apoptosis and activation of caspase 3, and also decreased the expression of MyoD and myogenin during myogenic differentiation of C2C12 cells induced by the differentiation medium. Our findings suggest that stress such as growth factor deprivation plays an important role in triggering apoptosis associated with myogenic differentiation and a aB-crystallin suppressed the differentiation, apoptosis and caspase 3 activity.
Myogenesis depends on simultaneous phenomena induced in vitro by lowering the concentration of mitogen in the culture medium. Surviving myoblasts fuse to form multinucleated myotubes and differentiate into mature myocytes. 1) One particularly intriguing protein is aB-crystallin, a member of the small heat shock protein (HSP) family that also includes aA-crystallin, HSP27, HSP20, Hsp22, myotonic dystrophy protein kinase-binding protein (MKBP)/HspB2, and HspB3. [2] [3] [4] All of the small HSPs are abundantly expressed in muscle tissue except aB-crystallin where they function as molecular chaperones that facilitate refolding of non-native proteins. 2, 3) The expression of aB-crystallin is induced in the early stages of skeletal myogenesis in vivo and in vitro and is regulated by MyoD. 3) Since aB-crystallin is a negative regulator of myogenic apoptosis, it is directly linked to the differentiation program via resistance to apoptosis. 5) However, the roles of aB-crystallin during myogenic differentiation have not been delineated. In the present report, we examined the characteristics of aB-crystallin during myogenic differentiation.
MATERIALS AND METHODS

Cell Culture and Reagents
Mouse C2C12 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) and antibiotic antimycotic reagents [100 U/ml penicillin, 100 mg/ml streptomycin and 250 ng/ml amphotericin B (Sigma, St. Louis, MO, U.S.A.)]. To induce differentiation, cells were washed twice in phosphate-buffered saline (PBS) and transferred to differentiation medium (DM): DMEM supplemented with 0.1% FCS. The polyclonal anti-aB-crystallin antibody was purchased from calbiochem (San Diego, CA, U.S.A.). The monoclonal anti-FLAG antibody was from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Ac-Asp-GluVal-Asp-MCA was from the Peptide Institude, Inc. (Osaka, Japan).
RT-PCR Method Total RNA was extracted using Trizol reagent, according to the manufacturer's directions (Invitrogen, Carlsbad, CA, U.S.A.). RT-PCR was performed using a SuperScript One-step RT-PCR system with gene-specific primers according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, U.S.A.). Reaction mixtures containing total RNA (500 ng), 0.2 mM dNTPs, 0.2 mM of each primer, enzyme mixture including SuperScript II RT, Platinum Taq DNA polymerase, and 1ϫbuffer with 1.2 mM MgSO 4 were placed at 50°C for 20 min, followed by 94°C for 2 min, then the PCR was performed as follows: The PCR profile was 30 cycles of 94°C for 15 s, 55°C for 30 s, and 70°C for 30 s. The primer sets were for RT-PCR were as follows: myoD-F 5Јgaagagcagaagtctgtcctag3Ј and myoD-R 5Јgtatggttacacctgt-tacacc3Ј for mouse myoD; crystalline-F 5Јttcggagagcacct-gttggagt3Ј and crystallin-R 5Јaagtgatggtgagaggatccac3Ј for mouse aB-crystallin; myogenin-F 5Јcagcatcacggtggag-gatatg3Ј and myogenin-R 5Јgggtggaattcgaggcatatta3Ј for mouse myogenin; gapdh-F 5Јccgcctggagaaacctgccaag3Ј and gapdh-R 5Јggatagggcctctcttgctcag3Ј for mouse gapdh.
Immunoblot Analysis Cell extracts were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Proteins in the gel were electrophoretically transferred onto a PVDF transfer membrane (Hybond-P; Amersham Biosciences, Buckinghamshire, U.K.). The membrane was incubated for 1 h at room temperature in TBS-T (Tris-buffered saline and 0.1% Tween-20) containing 3% ) cultured on cover slips were washed with PBS and fixed with 3% formaldehyde for 30 min at room temperature. After two washes with PBS, they were permeabilized with 0.3% Triton-X for 10 min at room temperature. After blocking treatment with 3% skim milk in PBS for 30 min, cells were incubated for 1h with primary antibody diluted 1 : 100 in PBS. After three washes in PBS, they were incubated with FITC-conjugated secondary antibody diluted 1 : 100 in PBS. Cells were then washed three times with PBS, and immunolocalization was examined by fluorescence microscopy (Olympus, Tokyo, Japan).
Recombinant Adenoviruses A recombinant adenoviral vector carrying human aB-crystallin cDNA was constructed using an adenovirus expression vector kit (Takara Biochemicals). Briefly, cDNA encoding a full-length aB-crystallin was PCR amplified from a cDNA pool from human mesenchymal stem cells, using primers 5Ј-aB-crystallin-Sma I-F 5Ј tcccccggggccgccatggacatcgccatccaccacccctggatc 3Ј aBcrystallin-Sma I-R and 5Ј tcccccgggtcacttatcgtcgtcatccttgtaatcccctttcttgggggctgcggtgacagcaggcttctc 3Ј. The cDNA was digested with SmaI and subcloned into SwaI site of a pAxCAwt cassette cosmid. The cosmid and adenoviral DNAterminal protein complex were co-transfected into the E1 trans-complemental cell line 293 to obtain a recombinant adenovirus generated by homologous recombination. The recombinant adenovirus was isolated and the insertion of aBcrystallin was verified by sequencing the construct. The viruses were grown in 293 cells to achieve a high-titer stock and then purified. Infection of the adenoviruses was performed at a multiplicity of infection (m.o.i.) of 100 pfu/cell. Caspase 3 Activity Assay Cells were lysed in buffer A ([25 mM Hepes pH 7.4], 5 mM EDTA, 2 mM DTT and 2 mM APMSF (p-aminophenyl methanesulfonylfluoride), 10 mg/ml pepstatine A and 10 mg/ml leupeptin). The lysates were clarified by centrifugation and the supernatants were used for enzyme assays. Enzymatic reactions were carried out in buffer A containing 100 mg of protein and 50 mM Ac-DEVD-MCA as substrates for caspase 3. The reaction mixtures were incubated at 30°C for 60 min. Activity of caspase 3 was measured at an excitation wavelength of 360 nm and an emission wavelength of 460 nm using a FP750 microplate fluorescence reader (Jasco, Tokyo, Japan).
Annexin V Staining Detection of plasma membrane alterations in C2C12 cells was performed using the Annexin V-FITC Apoptosis Detection Kit (BioVision, CA, U.S.A.). Cells were cultured in DM for 48 h, then harvested and washed once with PBS. For flow cytometry, cells (5ϫ10 5 ) were suspended in 500 ml of binding buffer, and then added 5 ml of annexin-FITC was added. The mixtures were incubated at room temperature for 5 min in the dark. The levels of fluorescent staining of the cells were analyzed using a Beckman EPICS Flow Cytometry (Coulter Electronics, Hialeah, FL, U.S.A.).
Statistical
Analysis Differences between groups were tested by one-way ANOVA. Data are presented as meansϮS.D. Differences were considered significant at pϽ0.05.
RESULTS
Expression of
6) C2C12 cells were cultured in DM for 72 h to differentiate into myotubes. (Fig. 1A) Several studies have demonstrated that the expression of aB-crystallin is closely related to the development of skeletal and cardiac muscle. 7, 8) To determine whether aB-crystallin plays a significant role in myogenic differentiation, we examined the pattern of its expression in C2C12 cells that were undergoing differentiation induced by withdrawal of mitogen in vitro. C2C12 cells were grown in DM for 0 to 72 h, and the expression of aBcrystallin in the cells at specific time points was analyzed by RT-PCR. As shown in Fig. 1B , the expression of aB-crystallin was rapidly induced in myoblasts within 24 h of their transfer to DM and increased throughout the entire 72 h incubation. At this point, cells had mostly differentiated into multinucleated myoblasts. In addition, we found that the expression of MyoD and myogenin was also up-regulated as the myogenic differentiation proceeded (Fig. 1B) . To confirm the expression of aB-crystallin on myogenic differentiation, we performed immunohistochemistry. As shown in Fig. 1C , the protein expression of aB-crystallin was detected in myoblasts within 72 h after differentiation.
Overexpression of a aB-Crystallin An adenovirus carrying full-length aB-crystallin cDNA was introduced into C2C12 cells and the effects of overexpression of aB-crystallin on myogenic differentiation were investigated. Overexpression of aB-crystallin was confirmed by RT-PCR ( Fig.  2A ) and immunoblot analysis (Fig. 2B) . To determine the cellular localization of aB-crystallin, we employed immunofluorescence staining of aB-crystallin in C2C12 cells. aBCrystallin was mainly seen in the cytoplasm of C2C12 cells (Fig. 2C) .
Overexpresion of a aB-Crystallin Confers Resistance to Differentiation-Induced Apoptosis in C2C12 Cells
The early stages of apoptosis are characterized by plasma membrane alterations, which can be detected by annexin V fluorescein staining. We thus examined the effect of aB-crystallin on diffentiation-induced apoptosis by staining the cells with annexin V. Flow cytometric analysis measuring annexin V binding to phosphatidylserine demonstrated that the apoptosis level of C2C12 cells cultured in DM for 48 h were about 3-fold higher than that of the cells infected with control virus alone (Fig. 3) . In contrast, the apoptosis level of C2C12 cells infected with adenovirus vector bearing fulllength aB-crystallin cDNA was lower than that infected with the control virus and less increased in DM. These results also suggested that aB-crystallin confer resistance to differentiation-induced apoptosis on C2C12 cells during differentiation.
The Effect of a aB-Crystallin on the Differentiation-Induced Activation of Caspase 3 Since the expression of aB-crystallin could inhibit differentiation-induced apoptosis, we further examined the effect of aB-crystallin on diffentiation-induced caspase 3 activity. Caspase 3 activity was observed when C2C12 cells infected with control virus were incubated in DM for 6 h. After 48 h of incubation in DM, the activity of caspase 3 was considerably decreased. Caspase 3 activity in aB-crystallin-overexpressing cells was lower than C2C12 cells infected with control virus during myogenic differentiation (Fig. 4) .
The Effect of a aB-Crystallin on the Myogenic Differentiation Apoptosis is often associated with differentiation during development and caspase 3 activity is required for skeletal muscle differentiation. 9) To investigate the effect of aB-crystallin on the myobtastic differentiation, cells were allowed to differentiate for 0 to 72 h after 24 h infection, and then the effects of aB-crystallin on the myogenic differentiation were examined using microphotographs and RT-PCR. As shown in Fig. 5A , overexpression of aB-crystallin suppressed the morphological change of C2C12 cells to spindleshaped differentiating myoblast cells. Furthermore, overexpression of aB-crystallin resulted in the reduced expression of myoblast-specific genes such as the MyoD and myogenin genes (Fig. 5B ).
DISCUSSION
Muscle cell differentiation is a highly complex and tightly regulated process that requires multiple steps in right order. Myoblasts must withdraw from the cell cycle, elongate and then fuse into multi-nucleated myotubes. A ubiquitous feature of gene promoters involved in terminal differentiation of skeletal muscle is their increased stimulation by the myogenic regulatory factors following serum withdrawal. 10) As shown in Figs. 1A and B, C2C12 cells demonstrated an induced ability to undergo myogenesis and the expression of MyoD and myogenin were increased following serum withdrawal. This stress played an important role in triggering myogenic differentiation. Expression of aB-crystallin was induced selectively in myoblasts during an early stage of their differentiation in vitro. 5) Indeed, the aB-crystallin promoter contains a canonical skeletal muscle-specific E-box element that binds myoD family members. 8) Expression of aB-crystallin protected cancer cells from TRAIL-induced apoptosis 11) and vascular endothelial cells from glucose-induced apoptosis.
12) Kamradt et al. reported that aB-crystallin antagonized the activation of caspase 3 by binding to a partially processed caspase 3.
5) The anti-apoptotic kinase Akt is also induced during skeletal muscle development and promotes the survival of differentiating myoblasts. [13] [14] [15] On the other hand, Fernando et al. reported that the differentiation of skeletal muscle depends on the activity of the Caspase activity in lysates was measured using the specific substrate Ac-DEVD-MCA for caspase 3. The activity of caspase 3 in cells infected with adenoviruses carrying aB-crystallin or control virus was cultured in DM for 6, 24, 48 h. key apoptotic protease, caspase 3. Peptide inhibition of caspase 3 activity or homologous deletion of caspase 3 led to a reduction in both myotube/myofiber formation and the expression of muscle-specific proteins.
9) The elevated caspase 3 activity associated with skeletal muscle differentiation was not strictly apoptotic. 9) These results indicated that caspase 3-mediated signaling is required for skeletal muscle differentiation. Nakanishi et al. reported that ER stress played an important role in triggering apoptosis associated with muscle development. 16) These finding suggest that caspase activation is involved in myogenic differentiation by itself. Activation of caspase 3 signaling might play an important role in myogenesis, in addition apoptosis.
Our data indicate that overexpression of aB-crystallin suppresses both the differentiation-induced apoptosis (Fig. 3) and the activation of casapse 3 (Fig. 4) . The activation of caspase 3 during myogenesis might be required for the ablation of differentiation-incompetent myoblasts and the induction of myogenic program in myoblast. It is established that the acquisition of apoptosis resistance by myogenic precursors is prerequisite for their development. The induction of differentiation and apoptosis in myogenic lineage might overlapping cellular mechanism.
In conclusion, we found that aB-crystallin inhibits differentiation-induced caspase 3 activation and myogenic differentiation. Caspase 3-mediated signaling might have an important role in myogenic differentiation and apoptosis.
